Abstract-Most of the present solid-state nuclear radiation detectors require cooling to low temperatures for their operation. Herewith, we are reporting the observation of a room temperature spin current response to gamma radiation from a novel Bi-YIG/Pt thin film hetero-structure device. A pulsed laser deposition technique was used to fabricate a 45-nm thick Bi-YIG film over which a 5-nm thick Pt film was deposited by an e-beam technique. Films were thoroughly characterized using energy dispersive X-ray spectroscopy and atomic force microscopy. Sensitivity of the Bi-YIG/Pt thin film device to gamma radiation was tested by investigating the strength of the inverse spin Hall effect voltage generated in the Pt layer on exposing the device to gamma radiation flux. Our results show that even for a very small flux source, a room-temperature spin current response is detectable.
I. INTRODUCTION
T HE side effects of prolonged exposure to radiation are well-documented and range from minor radiation poisoning to various cancers and hereditary effects [1] . Radiation sources occur both naturally and as a result of man-made technologies. Natural sources include radioactive substances and elements and technological exposures include medical radiology and occupational exposure [2] . In addition to these, there remains the risk of ultrahigh exposure from nuclear fallout [3] . Although the effects of radiation are well known, being able to detect radiation sources and measure their fluxes is still limited. The capacity to monitor and treat radiation exposure in the future relies on the development of highly sensitive, portable sensors.
Most commercially available high-resolution gamma-ray detectors fall in one of the two kinds: gas-based ion chambers and narrow-band semiconductor detectors. The principle of operation for ion chambers is relatively simple: the space between two electrodes is filled with gas and when the gas is exposed to radiation it gets ionized. A current is generated between the two electrodes that is proportional to the number of ions generated. However, ion chambers have very low detection efficiency for high energy gamma rays [5] . The second type of sensor is the narrow-band semiconductor based sensor. These sensors are typically made of high purity germanium or silicon [6] . Incident radiation generates electron-hole pairs, which induce a current in a two electrode system that is proportional to the energy of the radiation [7] . Silicon detectors have poor stopping power thus limited efficiency in measurements of high energy gamma rays. Germanium detectors have many advantages such as an increased energy resolution and efficiency in response to gamma radiation, they are currently incapable of room temperature detection. This is because the room temperature signal is convoluted by noise due to the excess thermal generation of electron-hole pairs [8] .
Herewith we report a novel approach to nuclear radiation detection: the use of spin-based effects. Spintronic devices rely on the spin of electrons in the same way that traditional electronics use the charge of electrons [9] . For investigating radiation detection, we employed the phenomena of spin-Seebeck effect (SSE) and inverse spin-Hall effect (ISHE) [10] . The SSE phenomenon is the spin analogue to the Seebeck effect, in which an applied temperature gradient results in the movement of charge carriers from the hot side to the cold side of the device. When the SSE is induced in a magnetic insulator, (i.e. bismuth doped yttrium iron garnet, Bi-YIG) it causes a magnon current to move along the temperature gradient [11] , [12] . By depositing platinum strips atop the Bi-YIG, the magnon motion excites a spin current in the platinum due to spin transfer torque at the interface [13] . Platinum has a large spin-orbit coupling, which means the spin current can result in a large ISHE voltage along the length of the platinum. By placing the device in the presence of gamma radiation, we were able to excite magnons and induce an ISHE voltage in the platinum. Our research shows that, at room temperature, the detection of gamma radiation is possible through the exploitation of spin-based effects in magnetic insulators.
II. EXPERIMENTAL METHODS
The Bi-YIG thin films were grown using a pulsed laser deposition (PLD) technique on (111)-oriented gadolinium gallium garnet (Gd 3 Ga 5 O 12 , GGG) substrates using a Lambda Physik COMPex Pro KrF pulsed excimer laser with a 25 ns pulse width and a 248 nm wavelength.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. The ceramic Bi-YIG target used for deposition was fabricated using a solid-state synthesis method. Deposition of the films was conducted at a pressure of 2×10 −5 torr O 2 while the substrate was held at 650°C. A total of 8000 pulses at 10 Hz were used to deposit the films. Immediately following deposition, the films were sintered in-situ at 800°C under 75 mTorr of O 2 for 10 minutes. The thickness of the deposited films was determined using profilometry. It was found that the films had an average thickness of 45 nm. The Bi-YIG films were then characterized using atomic force microscopy (AFM) and energy dispersive X-ray spectroscopy (EDS). For testing SSE response, platinum strips (15 nm × 100 μm × 5 mm) were deposited on top of the Bi-YIG, approximately 3.5 mm apart from one another, by using an e-beam evaporator in conjunction with a shadow mask. The final device structure can be seen in Fig. 1a . The SSE testing was performed by sandwitching the test structure between two copper blocks which were maintained at different temperatures to give a temperature diffence between the top and bottom of the device. More details about the measurement technique can be found in reference -14.
The radiation testing was done using an Am 241 /Eu 152 mixed gamma source with an activity of 8.3 microcurie, or ∼3×10 5 disintegrations per second. The source was a thin, circular disk approximately 5 cm in diameter and 1 mm thick, with the active area functioning as a point source in the center of the disk. The gamma rays are emitted isotropically from the source. This source was placed next to the Bi-YIG sample, such that the radiation was incident in-plane relative to the device (schematic shown in Fig. 1b) , approximately 10 mm from the device. An in-plane magnetic field (H) was applied perpendicular to the length of the Pt-strip and was swept from +1.5 kGauss to −1.5 kGauss, during which time the voltage generated across the platinum was recorded using a nanovoltmeter. Fig. 2a shows the surface of the Bi-YIG film as characterized by AFM. It can be seen that the film has a relatively large but uniform roughness. The root mean square (rms) roughness of the film was found to be ∼5 nm. This was important, as it was previously reported that rougher Bi-YIG films yield enhanced SSE signals [14] . In order to confirm stoichiometry, EDS measurements were performed to measure the approximate composition of the films. EDS scans showed that the Bi: Y: Fe ratio was 0.14: 2.75: 4.91 (Fig. 2b) , which is very close to the nominal composition of the bulk target (Bi 0.15 Y 2.85 Fe 5 O 12 ). This confirmed that the grown Bi-YIG films retained the stoichiometry of the ceramic target used during the PLD deposition. Fig. 3 shows the SSE voltage vs magnetic field plot recorded from the top Pt strips when a temperature difference of 1°C was applied between the top and bottom of the device. Inset of Fig.3 shows the magnetization (M) of the Bi-YIG film. A one-to-one correlation between SSE vs H and M vs H can be clearly seen.
III. RESULTS AND DISCUSSION
In Fig.4 , we have shown the results of the radiation testing. The goal of this testing was to explore if a SSE-type response can be induced in the Bi-YIG thin film via local energy deposition from the gamma radiation. The results showed that a SSE-type signal was indeed observable upon the exposure to the gamma radiation (Fig. 4a, 4b and 4c) . The magnitude of this signal was recorded to be approximately 85 nV in the Pt strip which was about 10 mm away from the radiation source (strip-i). Almost similar magnitude of signal was recorded for strip-ii while a slightly reduced signal was recorded for strip-iii. No detectable signal was seen in any of the strips when the gamma radiation source was withdrawn (Fig. 4d) . At this point, it is not possible to exactly pinpoint the mechanism that might be generating the observed voltage. However, there are two plausible mechanisms which can result in the observed voltage response. In the first mechanism, the gamma rays cause local heating within the device, i.e. a longitudinal temperature gradient is created across the Bi-YIG/Pt heterostructure. In this case the voltage developed can be simply accounted for by a combination of SSE phenomenon in Bi-YIG and ISHE phenomenon in Pt. If this is the case then on comparing our results to standard SSE testing data of the device (Fig. 3) , it is approximated that the radiation will induce a temperature difference of T ∼0.05°C across the thickness of the device. In the second plausible mechanism, even without any direct increase in the temperature, gamma radiation (which is an electromagnetic radiation) can result in a magnon waves in the Bi-YIG. Magnon waves can then induce a spin current in the Pt-strip which may cause a voltage in the Pt-strip because of the inverse spin Hall effect. Earlier studies have shown that the microwave radiation (which is also an electromagnetic radiation) can produce ISHE voltage in Pt by the above mechanism [15] .
Though it may not be very precise to make a comparison between the results obtained in this study with those obtained using standard detectors, (as the geometries involved as well as the size of the radiation source and detector vary greatly), rough estimates can be made to yield a general comparison. Taking into account the relative sizes of the Am 241 /Eu 152 source and Bi-YIG detector and spacing between those, it was estimated that about 0.2% of the radiation emitted by the source enters the detector. Using this knowledge, we estimated that our Bi-YIG/Pt detector has a detection limit of approximately 16 nanocurie, based on the source activity (8.3 microcurie) and the interaction volume of the sample (0.2% of disintegrations).
IV. CONCLUSIONS
We have illustrated the potential of using spin-based effects for designing room-temperature spintronics-based portable gamma radiation detectors. Specifically, it has been shown that when a heterostructure device comprising of Bi-YIG/Pt is exposed to gamma radiation, a detectable voltage signal develops in the Pt layer.
